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Abstract 

We consider the propagation of Type I open superstrings on orb- 
ifolds with four non-compact dimensions and N = 1 supersymmetry. 
In this paper, we concentrate on a non-trivial Z2 x IL2 example. We 
show that consistency conditions, arising from tadpole cancellation 
and algebraic sources, require the existence of three sets of Dirichlet 
5-branes. We discuss fully the enhancements of the spectrum when 
these 5-branes intersect. An amusing attribute of these models is the 
importance of the tree-level (in Type I language) superpotential to the 
consistent relationship between Higgsing and the motions of 5-branes. 
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1 Introduction 

The solution of N — 1 field theories in four dimensions relies heavily on un- 
derstanding different limits of moduli space. One certainly expects that such 
a tool will play a significant role in string theories with N = 1 supersymmetry 
as well. Strong-weak coupling duality of string theory allows us to control 
the strong coupling regime of some string theories in terms of other weakly 
coupled ones. One such example is Type I/heterotic duality; one of the first 
steps towards solving the low energy dynamics of the 5*0(32) heterotic string 
theory is to understand Type I compactifications with N = 1 supersymme- 
try. In this paper we will discuss a simple but non-trivial compactification 
of Type I strings to four dimensions. 

There are other motivations for studying four dimensional compactifica- 
tions of the Type I theory. One aspect is a potential importance of this 
technology for phenomenology: for example, one finds matter fields which 
transform as bilinears of the fundamental representation in vast quantities 
(open strings have two ends). We may also hope to find, within a general 
Type II orientifold framework, constructions with chiral fermions, although 
the model discussed here does not have this property. Lastly, the couplings 
in Type I theory (or open string sectors in general) may behave quite dif- 
ferently than expected from perturbative heterotic string theory, alleviating 
some unpleasant general features of heterotic string theory model building [l]]. 

Another motivation is the study of solitons in string theory. Free or solve- 
able conformal field theories that admit solitons or other non-perturbative 
objects provide the most reliable avenue for discussing the properties of these 
objects. 

Type I superstrings compactified to six dimensions on a K3 orbifold have 
been considered in several recent papers. In Ref. ||, the worldsheet consis- 
tency conditions were studied. It was found that for consistent open string 
propagation, there must be 32 parallel 5-branes, || as well as the 32 9-branes 
found in 10-dimensional theory M. Furthermore, spacetime anomaly con- 
straints were studied in Ref. f|, and it was found that parts of the gauge 
groups found in Ref. || were in fact broken through a modification of the 
Green-Schwarz mechanism. Other six-dimensional orientifolds have been dis- 
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cussed in Refs. ||. 

In this paper, we begin a study of orientifolds with four non-compact 
dimensions. Here we discuss Type I superstrings compactified on T 6 /Z 2 x Z 2 , 
where the two Z 2 's act as follows on the compact coordinates: 



Ri 


. j^6,7,8,9 


-> -X 




x 4 < 5 ^ 


+X 4,5 


R2 


. ^4,5,8,9 


-> -X 






+X 6,7 



The orbifold group also includes the projection R3 = R1R2 which acts on 
the 4, 5, 6, 7 coordinates. Since we consider Type I strings, we will consider 
the worldsheet orientation reversal Q as well. Thus the full orientifold group 
contains the elements {1, Ri, Q, QRi}, i = 1,2, 3. 

This is a seemingly complicated orbifold to begin with, but it is perhaps 
the simplest non-trivial extension of Ref. [0 to four dimensions, and as 
we will see has some very interesting new features. We construct here a 
consistent Type I compactification and study the tree-level superpotential 
and Higgsing phenomena in some detail. Many details of this and other 
models will be left for further publications. In particular, there are many 
interesting non-perturbative aspects to be explored. 

In the next section, we discuss some general aspects of the spectrum of 
these theories. In the following section, we will give some details of the 
worldsheet consistency conditions following from tadpole cancellation. We 
will find that three orthogonal sets of 32 5-branes will be necessary, in ad- 
dition to 32 9-branes. This configuration preserves N = 1 supersymmetry 
in four dimensions and leads to a rich variety of phenomena associated with 
5-brane morphology. The remaining supersymmetry may be demonstrated 
as follows. First, on the worldsheet, we take the action of Ri and R2 to be 

R 1 = exp(in(J 67 + J 89 )) (1.2) 
R 2 = exp(i-K(J A5 + J 89 )) 

when acting on any worldsheet field. Thus the worldsheet supercharge left 
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invariant by these operations is given by 

e -<t>/2 e i(H +Hi+H 2 +H s -H4)/2 /-j__g\ 

One could worry that this does not look invariant under R 3 if defined similarly 
to (|1.2|) ; however, the identification R 3 = R1R2 leads to: 

R 3 = e 2niJ * 9 exp(nr(J 45 + J 67 )) (1.4) 

The non-trivial Js9 factor makes the supercharge invariant. From the space- 
time point of view, we see the same result: the Q projection leaves Q + Q 
invariant. The Ri projection leaves Q + RiQ; only those components with 
-Rj-eigenvalues equal to +1 correspond to unbroken supersymmetries. Since 
i?3 = -R1-R2, there are only two such independent conditions and thus the 
supersymmetry is reduced by a factor of 1/8 from what it would have been 
in the Type IIB case (which would give N = 8 in D = 4). 

In Section 3, we discuss consistency conditions arising from the cancella- 
tion of unphysical Ramond tadpoles. In Section 4, we discuss further con- 
straints and derive the spectrum of the theory in different configurations of 
5-branes. Finally, in the last sections, we derive the tree-level superpoten- 
tial and demeonstrate its importance to T-duality and the correspondence 
between the motion of 5-branes and Higgsing. 

2 The Orientifold Group and the Spectrum 

We use throughout the notation of Ref. ||. The orientifold group G = 
G\ + QG2 acts on open string states as: 

g:\i>,ij) -^(igh'lg-^i'f)^ 1 )^ (2-1) 
tth : |V>, ij) -> (lnh)ii> \Mh ■ 4>,fi') (lnh) fj 

for g G G\ and h G Gi- A great deal of effort will go into obtaining a 
consistent representation for the various matrices 7. These must form a 
(projective) representation of the orientifold group and must pass several 
additional algebraic tests. First, operator products relate sectors to one 
another, and ( |2.1|) must be consistent with this. Second, the calculation of 
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unphysical tadpoles will place further constraints. We will find that these 
constraints taken together essentially determine the 7's completely. We begin 
with some remarks on the structure of the spectrum. 



2.1 Closed String Spectrum 

The untwisted states are formed out of: 
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2x0 


R : 


S1S2S3S4) 
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±1/2 








+ 




±1/2 
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±1/2 



We have listed the transformation of each state under the Ri, as well as its 
representation under the spacetime Lorentz group. Because of Q, we must 
symmetrize in the NS-NS sector, and antisymmetrize in the R-R sector. We 
thus get the spectrum (here mi = 4, 5, m 2 = 6, 7, etc.): 

SO(2) ST 

NSNS: V_i/ 2 |0)L(8)^: ) 1/2 |0) il ±2©0 

1>%\0)l®$%\0)r 9x0 

RR: # [Q ±±' ®*fl±±' 4x0 

RNS : V-i/ 2 |0)l ® *a++ ±3/2 ©±1/2 l ' j 

^ 1/2 |0>l (8) * a+ - 2x±l/2 

^ /2 |0) L <g>tt a _+ 2x±1/2 

V>™ 1/2 |0)l <8> *a-- 2x±1/2 

where * a ±±' labels the Ramond ground state with helicity a and Ri(R 2 ) 
numbers ±(±')- The f2 projection symmetrizes the R-NS states given here 
with those of the NS-R sector. Thus the untwisted closed string sector con- 
sists of the gravity multiplet, the dilaton chiral multiplet and six chiral mul- 
tiplets associated with the torus. 

Next, we have states from the twisted sectors. Consider first the sector 
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twisted by R\. The massless states are formed from : 



NS : \s 3 s 4 ), s 3 = -s 4 
R : \sis 2 ), si = -s 2 



+ 
+ 



#2 

?(2s 4 ) 
i(2s 2 ) 



SO(2) 5T 


±1/2 



(2.4) 



We thus get the states: 



NSNS 
RR 
RNS 



75(| + ->®|-+> + |- +>®| + -» 
^(| + -)®|-+)-|-+)®| + -)) 
| + -) <g> | -+) 
I - +) ® | + -) 



SO(2) 5T 


1/2 
-1/2 



(2.5) 



where again, R-NS should be symmetrized with NS-R. We see then that we 
get one chiral multiplet per twisted sector; this is the blowing up mode for 
the corresponding fixed point. Each of the Ri have 16 fixed 'points' (actually 
complex lines), so there are a total of 48 such chiral multiplets. 

2.2 Open string states 

Consider first the 99-sector. In the NS sector, there are states of the form 
■0 M |O,afo)A° b and ip mi \0,ab)X^l. The Chan-Paton matrices satisfy: 



(2.6) 



A (o) 


= +7* 1 ,9A (0) 7r 1 1 , 9 


;A<°> 


= +7i? 2 ,9A (0) 7 R 2 1 ,9 


; AW = 


-7,,9A(°) T 7^9 


A (1) 


= +7i? 1 ,9A (1) 7i ?1 1 , 9 




= -7i? 2 ,9A (1) 7R 2 1 , 9 


; A (1) = 




A (2) 


= -7i? 1 ,9A (2) 7 Rl 1 ,9 


;A< 2 ) 


= +7i? 2 , 9 A (2) 7R 2 1 ,9 


; A( 2 ) = 




A (3) 


= -7R 1 ,9A (3) 7fl 1 1 , 9 




= -7i? 2 ,9A (3) 7R 2 1 , 9 


; A^ = 





As indicated above, there will be three sets of 5-branes, which we will 
refer to as 5j-branes; the 5j-brane fills 4-dimensional spacetime plus the i th 
T 2 spanned by X m \ For 5-branes at fixed points, the 5j5j-sector will satisfy 
constraints similar to those of the 99-sector, except for a sign change in the 
^-transformation for the ip mj states (j ^ i). 

Now consider moving the 5j-brane away from the Ri fixed point. A general 
configuration is shown (for % — 1) in Fig. 1. Each 5-brane has three images 
generically, and thus there can be at most eight together. In this case, Ri 
relates states to those of an image. Q acts as —1 (as well as transposing) on 
the six orthogonal dimensions and as +1 on the other four. 
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fixed by R2 






fixed by R1 





/ R2 / 


X 


/ X / 


X 


X 


R3 


R1 



fixed by R3 
8,9 



Figure 1: Generic configuration of 5i-branes. 

There are also (complex) axes on which the 5j-brane is at a fixed point of 
Rj (j ^ i). As is clear from the figure, this corresponds to two of the images 
approaching each other across the axis and there will then be extra massless 
states arising from strings stretching from one brane to an image. 

Now let us discuss 5,9-states and 5j5j-states more carefully. The 5j9 states 
are much as in Ref. ||. Consider a 5i9-state; since X 6,7,8 ' 9 satisfy Neumann 
boundary conditions on one end and Dirichlet on the other, these X's will 
have 1/2-integer modings. The corresponding fermions have integer modings 
and thus the vacuum forms a representation of the corresponding zero-mode 
Clifford algebra. The NS state is[] 

5i9 : \s 3 s 4 ,ij)\ij, s 3 = -s^, (2.7) 

constituting two real bosons (per element of A) . Away from the fixed points, 

there are no constraints, apart from the GSO. The ^-projection relates 5;9 to 

95j and the ^-projection relates one state to its image. The ^-projections 

(j 7^ i) also map to an image. Now, if the 5i-brane is at a fixed point of R\, 

then A is restricted by A = Jmj^Jm. i- Rj (j ^ 1) flip the sign of A 4,5 ; since 

the lowest lying states have no dependence on A 4 ' 5 (e.g., momentum in these 

1 Note that the form of the supercharge ( |l.3| ) implies that there will be some sign changes 
in the GSO projection in the sector. 
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R3 

Figure 3: Overlapping configuration of 5i- and 53-branes and their images. 



directions would cost energy), A is further restricted: 

A = {2s A i)lmXlm (2-8) 
A = (2s A i) lm \ lR l (2.9) 



where the phases are deduced from eqs. (|1.2jJ1.4| ) 



5j5j-states have some similarities to the 59 states. Consider for definite- 
ness the 5i53 state. A generically positioned 53-brane appears as in Figs. 
2. Clearly there can be massless 5i53-states if the 53-brane in Figures 2 
overlaps the 5i-brane, i.e., they have the same X 6,7 , as in Figure 3. In this 
case, the states will be of the form |s2 s 4> u)<^y- There will be no restriction, 
apart from GSO (s 2 = — S4) when the branes are at generic points, as Ri 
will map states to images. When symmetries are enhanced, for example, if 
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the 5i-brane intersects the 89-axis, the states arrange themselves in repre- 
sentations of the enhanced symmetry. There will be additional restrictions 
from the Ri, but the discussion of these restrictions is more efficiently left 
for later sections. We turn now to the worldsheet consistency conditions and 
the calculation of tadpoles. 

3 Worldsheet Consistency and Tadpole cancellation 

We again use the notation of Ref. where applicable. We denote the 
volumes of the three 2-tori as Vi, and write t>, = Vi/4n 2 a'. The volume of 
spacetime is denoted V4, V4 = V4/ '(47r 2 a') 2 . The cancellation of tadpoles for 
unphysical states is a collaboration amongst the Klein bottle, the Mobius 
strip and the cylinder. We discuss each topology in turn. 

3.1 The Klein Bottle 

We compute the closed string trace 

KB: Tr £ ( 1 + *) (! + **) ( l±tSL) J~+U p.!) 



2 V 2 / V 2 / \ 2 



Note that the orbifold part expands out to 4(1 + R± + R% + R3). We have 



L Q = Nl + o a 'PL ~ 1/2 with Nl = J2 ra -r ■ « r + X) r V ; -r- ■ ipr, etc. and 
Pl r = { m i/ r i i TiiTi/a') . Q acts trivially on m and flips the sign of n. 
A projection R changes the sign of both (the appropriate) m and n. The 
momentum integration gives (4n 2 a't)~ 2 . Q correlates left movers with right 
movers and we have 

^|0)jvs-AT5 — — |0)7VS-Af5 

(-1) f \0) NS -ns = -\0) NS -ns (3.2) 

n\o) R - R = -\o)r- r 

(-l) F |0)«-i ? = ±10)^ 

Since flipfl -1 = if), fl acts as — (— 1) Fl on all closed string states. So in the 
untwisted sector we get contributions ("773 = — " in the language of Ref. (§): 

"&(?)" 



VRA-lV 



^'^ (3.3) 
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from the NS-NS sector. (Here q = e~ 2nt ). This is to be multiplied by 
jqV 4 J We have defined the momentum and winding factors for the j th 
torus 

/ \ 2 



Mi 



V n 



-irtn /vj 



(3.4) 



The R-R sector gives the same result with /f replaced by — /f , with the con- 
tributions coming from Q and QRi (those with (— 1) F cancel, because of the 
action on the R-R vacua). After appropriate rescalings and resummations, 
we arrive at: 



v 4 



r°° dt 
Jo 



\h{e 


-ir/2ty 


8 


L/i(e- 







(3.5) 



where 



Mi 



-nVjS 2 /t 



-ITS 2 /tVi 



(3.6) 



Wt = V? e 

Asymptotically (t -> 0), we get (i = l/4£): 
32v 4 J di ( 



Ul W 2 W 3 

^2^3 H 1 1 

^2 



(3.7) 



V2V3 ^3^1 

Thus, the Klein bottle gives a tadpole for a 10-form potential, as well as 
for 3 different 6-forms, each proportional to the appropriate T-dual volume 
element. The three different 6-forms appearing here will ultimately be re- 
sponsible for the inclusion of three different Dirichlet 5-branes. 

3.2 The Mobius Strip 

Here we evaluate 



MS : Tr NS _ R 



n /i + Ri\ n + R 2 \ fi + (-1 



y L 



(3.8) 
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over 99- and 5j5j- states (the 7/3 = — condition of Ref. [|J corresponds to NS 
states here). We have 

Lo = a'f + [£ ra_ ■ a r + £ rtf>_ r • ^ - 1/2] + | ™ (3 9) 

and the non-compact momentum integration now gives (87r 2 ta')~ 2 . 
Q acts on oscillators as: 

f NN 

a r -> ±e CTr a r ^ (3.10) 



r 



and as e* 71 "/ 2 on the open string vacuum (plus the action on Chan-Paton). 

Consider first the 99-sector. The oscillator sums involving Ri turn out to 
cancel; the remaining terms can be written in the form iq 1 / 2 [J^Ja/ 'fif3{<l)f '■ 
This result is to be multiplied by || / (^p-<?™ 1//2 ; times the Chan-Paton and 
momentum state sums, which are iTr 7^97^9 Ui M[. We define 

M'= fe e -™*'/vj\ (3.11) 



2 



W 5= £ e 



-2irtm 2 Vj 



In the 5j5j-sector we find that the NS fermions give 

Q: U r (1 + e inr q r f U r (1 - e i7vr q T f 

^(-1) F : - Ilr (1 - e inr q r )* Ur (1 + e inr q r f 

VLRi : Ur (1 + e i7rr g r ) 8 (3.12) 

fi^(-l) F : -n r (l-e i7r V) 8 

fli?,- : rir (1 + e inr q r ) 4 U r (1 - e i7Tr q T f 

QRji-lf : - Ur (1 - e i7rr q r f U r (1 + e^ r g r ) 4 

for r G 2 + 1/2. The two different terms above are from Neumann and 
Dirichlet boundary conditions respectively. All but the Ri terms cancel, and 
those are the same as the 99- contribution; the boson contribution here is 
also the same as the Q terms from the 99-sector. 
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The total result for the Mobius strip then is 



Vi f dt 



16 7 (2tf 
Defining 



/2(g) / 4 (g) 
/i(g)/s(g) 



Tr 7 £ >9 7nJ II K + E Tr 7^,5,7^,5^ [] 

(3.13) 



m-7 = fe 



— nVjS 2 /2t 



3 -7rs 2 /2toi J 

we obtain, by rescaling and resummation 

_M f ctt [ /2/4 f p -7r/2t\l 8 
64 J t 2 L/1/3 V /. 

x {Tr 7 ^ 9 7^ 9 n, UiM/ + E, Tr Tn^TnW^i 11,* ^ 
Finally, as i -> 0, we find (i = l/8f) 



H' 



2w 4 y ^ 



U1U2U3 Tr 70,970,9 + J2 v i II — Tr Tnfli.SiTnfli.s 



3.3 The Annulus 

Here we evaluate 

Cyl : Tr NS -r 



1 fl + i?^ fl + R 2 \ fl + (-l) F \ r 



2 V 2 



(3.14) 



(3.15) 



(3.16) 



(3.17) 



over 99-, 5,5j-, 5,9- and 95,- states (Vi,j). (r^ 3 = — here corresponds to 
dropping the (— 1) F terms). The Ramond sector carries an overall minus 
sign, which is the usual field theory sign for fermion loops. 
The 99-sector: the fermions give: 

(3.18) 



1(NS): n r (l+g r - 1/2 
1(R): -16rUl+g r ) 



where r G 2. Including the bosons, we then find that the oscillators con- 

8 

tribute q 1 ! 2 /4(y / g)//i( v /g) • The Chan-Paton factors are Tr 71,9 • Tr 7^9 
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and the momentum modes give YliM^. So we have so far 

99 : I§ / jgj* Ih (v^)] 8 { Tr 7i,9 • Tr 7^ Hi M;} (3 1Q) 

— > ^t>4 / d£ rig V1V2V3 

with n 9 the number of 9-branes. The i?j-operators j n the trace give: 

R t (NS): U r (l + q r - l/2 Y (l " <T 1/2 ) 4 (3.20) 
: 

and the bosons give l\ r (l - q r )~\l + q r )~ A . The result is 4[/ 3 / 4 // 1 / 2 ( v /g)] 4 . 
Chan-Paton give Tr 7^9 • Tr 7^9 and there will be a factor of M\ from 
windings. The result is 

99 : ft / WF [/S^)f {45 Tr 7^,9 • Tr 7^9} (3 21) 

-> |v 4 / d£ Ei ^Tr 7 Rij9 • Tr 7^. 

The 5j5j-sector: we have 4 NN and 4 DD bosons. We find contributions: 

, 8 



1 : NS: Ur (l + <T 1/2 y 

-lerUi + gT 

£?os : n r (1 " <?T 8 

Rj: NS: U r (l + <T 1/2 ) 4 (l - (T 172 )' 



(3.22) 



: 
5os: nr(l-g r )" 4 (l + 9 r 



Thus, the oscillators contribute for the unit operator [f^/fi{y/q)} s and for the 
/^-insertions +4[/3/ 4 //i/ 2 (v / 9)] 4 - The unit operator piece gets multiplied by 

E M * E (TiaUt^V II E expi-t^nwrj + X? - X™') 2 faot). 

The Ri operator pieces get just J2i M[ EEi Tr iR^i • Tr IrIa- 

In the 5j5j-sector (i 7^ j) one has 4 ND bosons, 2 NN and 2 DD. For the 
unit operator, NS gives 4n r (l + (f ~ 1//2 ) 4 (1 + q r ) A but the Ramond sector is 
equal and opposite. For R^ insertions, the NS sector gives zero (because of 
cancellation between vacua). The Ramond sector contributes only for e^R^. 
In this case, bosons give IIr(l + q r ~ 1 ^ 2 )~ A (l — <? r )~ 4 and the Ramond fermions 
give -4n r (l - g r " 1/2 ) 4 (l + q r Y- The product is -\J2UI hh{y/q)] A ■ 

The 5j9-sector is almost identical to the above case. The only sector 
which contributes is the Ramond Ri term, and the oscillator parts again give 

-[/ 2 /4//l/3(v^)] 4 . 
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3.4 The Full Tadpole 

For brevity, let us drop terms proportional to Tr 7^, as these are all zero as 
we will see in the next section. The tadpole is then given by: 

±v A J di {v lV2 v 3 (32 2 - 64Tr 7^7^ + nl) 

+ E» Vi Uj^i j- (32 2 - 64Tr tSr.aTHr.a + n l) } 

Tadpole cancellation then implies 



T 

T 

and a total of 32 9-branes plus 32 of 



= +ln,9, (3.24) 

= +7^0,5*. (3.25) 
each of three types of 5-brane. 



4 Chan-Paton Representation of f2, Ri 

The basic orientifold group is defined, in part, by the following generators 
and relations: 

(OR;) 2 = 1, O 2 = 1, (4.1) 

(oi^) (0^x074)0 = 1, (0^)0(0^)0 = 1. (4.2) 

for j 1^ k ytz i. We would like the 7-matrices, in conjunction with the action 
of the orientifold group on the bulk CFT, to form a projective representation 
of the orientifold groupf] . The bulk CFT contribution is easy to calculate, 
as explained in 0, leaving us with what might be considered strange phase 
differences between different sectors. 

The relations (|4.1|) , (|4.2| ) imply the following relations 

IsiRilsuk = Ci(s), lnln lT = c(s) (4.3) 

miking 7nfl*7n = Pijk{s),lnRiln JcWiln = Pi( s ) ( 4 - 4 ) 

where the factors on the RHS differ from sector to sector (the sectors are 
labeled by s). 

* Although one can perhaps relax this condition. 
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We will analyze in some detail a few of these phases, and just list the 
others. We will argue that in addition to ( |3.24| ), ( |3.25| ) we must have co- 
cycles of the following form 

7q, 5i = -7n,5i, (4-5) 

lRiSi,% = ~lRiU,9, Tfljn^ = -Tflifl^- (4-6) 

To show this, we need to examine all the mixed sectors, and in fact the 
problem is over-determined. 

Let us begin with jq . The method is explained in Refs. Consider 
first the product of two vertex operators in the 95, sector. We obtain, in 
either the 99- or the 5j5j-sector, the product of two complex fermions, both 
of which are either NN or DD. Each of these rotates by a phase ±i under 
Q, and so the two contribute —1 to the action of Q in the 99 or 5,5, sectors. 
This corresponds to Q 2 = — 1 on the oscillators of the 95, sector and hence 
we obtain the —1 in eq. (|4.5|) . Note that this is consistent also with the 
5j5j-sector: taking the product of two such vertex operators we obtain, in 
either the 5j5j- or 5j5j-sector, a product of two complex fermions, one DD 
and the other NN. This leads to the same phase for all i, as in (|4.5|) . 

To show the consistency of (|4.6j ), we need to look at R4Q in each of four 
sectors. Again we consider the product of two vertex operators of a given 
sector. 

• 95 ji Taking the product of two such operators, we obtain, in the 99- or 5,5;- 
sector, the product of two fermions as discussed above. Both change 
sign under R i: giving a net —1 sign between eq. ( |3.25| ) and the first of 
eqs. flQjp. 



5i5ji Here, only one of the two fermions will change sign under Ri, giving 
a net —1 sign between eq. (|3.25|) and the second of eqs. (f4~6|). 



95 j (i 7^ j): In the 99 (5j5j) we obtain the product of two complex NN(DD) 
fermions; one of them is flipped by Ri giving a relative phase of +1 be- 
tween the 9- and 5,,-sectors, consistent with eq. ( |4.6|) . 
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• 5j5k (j,k 7^ i): In the 5j5j (5^5^) we obtain the product of an NN and 
a DD fermion; both are flipped by Ri giving a relative phase of +1 
between the 5j- and 5fc-sectors, consistent with eq. ( |4.6| ). 

Thus the conditions Q4.5|) , (|4.6|) are implied by (|3.24j ),( j3.25|) and are, for- 
tunately, self consistent. 

We still need to check the other relations that define the orientifold group, 
and determine the relative phase between different sectors. The phase dif- 
ferences can be read from the explicit solution in the next section, which 
is unique up to unitary transformations on the Chan-Paton factors. At this 
stage we will suffice in presenting all the relevant information in the following 
table. 





n 2 


Rl 


R\ 


Rl 


R1R2R3 


99 


+1 


+ 1 


+1 


+i 


+1 




+1 


+ 1 


+1 


+i 


+1 


95i 


-1 


+1 


-1 


-l 


-1 


95 2 


-1 


-1 


+1 


-l 


-1 


95 3 


-1 


-1 


-1 


+i 


+1 


5i52 


+1 


-1 


-1 


+i 


+1 


5 3 5i 


+1 


-1 


+1 


-l 


-1 


5253 


+1 


+ 1 


-1 


-l 


-1 



We have again looked at mixed sectors. As before this determines the dif- 
ference in the phases between the different unmixed sectors, and as before 
the problem is over-determined. To obtain the phase difference between, say, 
some 5j5j sector and, say, 99 sector, pick the appropriate line in the table 
and multiply the appropriate phases in the row. 



4.1 A definite choice 

Let us now make a definite choice for the 7's. Define 

*-{(-/ o)< 





-e 
e 



e 
£ 



D 



(4.7) 
(4.8) 



£ 

where e = ia 2 and each block is understood to be a direct product with the k- 
dimensional identity matrix, k < 32 being the number of concident p-branes 
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of the appropriate type. These matrices satisfy Mj = 
and Mj = M" 1 . It is useful to also define 



-I, .] I, \ I j = e ijk M k 



Ni = DM,, 







We will work in an enlarged matrix notation consisting of blocks cor- 
responding to 9, 5i, 52, 53-branes. It is convenient to define cocycles C\ = 
diag(J, —I, I, I), etc., and C = — C\C 2 C 3 = diag(— I, I, I, I). 

Collecting the results of the previous section, we have: 



T 

In 

T 



and 



Hi IfRj ^ Rk 



= -Coin 
= —C-ilRin 

C C 3 e ijk I (for i^j^k) 
C$CiI 



There are many choices consistent with the above constraints, 
ular example, consisting entirely of orthogonal matrices is 



(4.9) 
(4.10) 

(4.11) 
(4.12) 
(4.13) 
(4.14) 

A partic- 





In 


iRin 


lR 2 n 


lR 3 n 


7Ri 


IR2 


1r 3 


9 


I 


Mi 


M 2 


M 3 


-Mi 


-M 2 


-M 3 


5i 


N x 


—D 


M 2 


M 3 


-Mi 


N 3 


-N 2 


5 2 


N, 


M 3 


-D 


M 2 


-N 2 


-Mi 


N 3 


5 3 




M 2 


M 3 


D 


N 3 


-N 2 


Mi 



This choice satisfies 7^ = Co7.R;n7n- and 

C*C i1 r 1 



T 

7a 



(4.15) 



In fact the choice of matrices given in the table is essentially unique: one 
can show that the available gauge freedoms allow one to put any consistent 
choice in this form. This is not a trivial statement; a-priori we can choose the 
factors pijk, Pi in the 99 sector to be whatever we want (and then they are 
detemined in the other sectors) but this does not seem to be the case. If we 
start with any values for these constants other then the ones that correspond 
to this solution we cannot solve all the constraints. 
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5 The Spectrum 

In this section we examine the spectrum and interactions dictated by the 
algebraic and tadpole cancellation conditions found above. The conditions 
on Chan-Paton matrices of individual states were outlined in Section 2.2. We 
consider each sector in turn. 

5.1 99-sector 

We have 7^,9 = I, 7ifcfi,9 = 7^,9 = -M*. Thus from eqs. (|lf), the 99- 
gauge boson Chan-Paton factor A 1 - ** is antisymmetric and satisfies A*- -* = 
— MjA^Mj. The solution to these conditions is (A=antisym., 5'=sym.) : 



A (o) 



t A 

-Si 

-s 2 
\-s 3 



S\ S 2 

A S 3 

S 3 A 

S 2 —S\ 



s 3 \ 
-s 2 

Si 

A ) 



which is the adjoint representation of Sp(8). This may be broken to smaller 
groups by the addition of Wilson lines. 
The matter fields are 



A« 



/ A 1 A 2 

A 2 -A x 

-S -A 3 

\A 3 S 



S 
-A 3 
A x 
A 2 



A 3 \ 
S 
A 2 
-Ax J 



A (2) 



( A 3 S 

-S A 3 

Ax A 2 

V A 2 -Ax 



Ax 
A 2 
-A 3 
S 



A (3) 



I Ax A 2 A 3 S \ 

A 2 -Ax -S A 3 

A 3 S -Ax -A 2 

\-S A 3 -A 2 Ax ) 



A 2 \ 
-Ax 

-S 
-A 3 ) 
(5.1) 

(5.2) 



These are six bosons (giving 3 chiral multiplets) in the = 120 of Sp(8). 
5.2 5j5j-sector 

First take the 5j which are at fixed points of Ri. For example, for i — 1, we 
have, from Section 2.2, the conditions 



A (0)T = NlX (0) Nl , A (0) = _ MlA (0) Ml . A (0) = +i V 2i 3 A (0)iV 2i 3 
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It is convenient to define A^ A ^ = NiX^; if 4k 5j-branes are at the same fixed 
point of Ri, we obtain an Sp(k) gauge group, with 

where the blocks are 2/c-dimensional (k < 8). 

Applying the conditions stated in Section 2.2, we find that A*- 1 -* is sym- 
metric, and A^ 2 ' 3 -* antisymmetric. Solutions are: 

oMo -°.).a o)} M 

Thus we again get 3 chiral multiplets in the . For all 5j-branes at the same 
fixed point of Ri, we see that the spectrum is completely T-dual. 

Now consider moving 5-branes away from the fixed points. First suppose 
we move the branes away from the fixed point of Ri along the fixed direction 
of Rj (refer again to Fig. 1). For definiteness, consider a 5i-brane on the 
6, 7-axis (i.e. along the fixed line of R2). Ri and R3 map a brane to its image 
and so place no restrictions. Thus we have the conditions: 

A (0,1)T = +NlX (0,l) Ni . A (2,3)T = _ 7VlA (2,3) 7Vi (54) 

A(°' 2 ) = +N 3 \^N 3 ; \^ = -N 3 X^N 3 (5.5) 

With \( A ) defined as above, A^ ' 1 ) are symmetric and A^ 2 ' 3 ) antisymmetric. 
If, as above, we started with 4k 5-branes at the fixed point, we end up with 
at most 2k 5-branes along the 67-axis (their images accounting for the other 
2k). We then find 




where the blocks of these matrices are at most k x /c-dimensional. A*- -* is the 
adjoint of Sp(k/2) x Sp(k/2). Note the difference in form between A 1 - 2 -* and 
AC 1 - 3 )- this is because the motion of 5i-branes along the infixed line is T-dual 
to turning on the A2 of the 99-sector. We expect then that A*- 2 -* is special, 
being identified with the Higgs mode. Each of the Sp(k/2) thus has matter in 
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m +2x0. Note that these fit appropriately into vector and hypermultiplets 
of N = 2 supersymmetry. As we will see later, a detailed understanding of 
this spectrum in terms of Higgsing of the previous case relies crucially on the 
presence of the tree-level superpotential. Note also that this all occurs only 
for even k (only a group of eight 5-branes may move off of a fixed point); thus 
the moduli space breaks up into disconnected sectors, in a fashion similar to 
thatofRef. @. 

If we move the 5-branes away from fixed planes entirely, there are three 
images, and the Ri give no condition on states. In the 55-sector, Q gives 
(for 5i branes) A (0,1) = NiA^iVi and A (2>3) = -N^^N^ Proceding 
as above, we may define A^ = N±}S A '; the A^ 0,1 -* will be symmetric and the 
\( 2 > 3 ) antisymmetric, but otherwise unconstrained. We thus find an Sp(k/2) 
gauge group, with matter in m + 2 x . In Higgsing from Sp(k/2) x Sp(k/2), 
the m of one group is eaten, while the 's, as we discuss later, are made 
massive through the superpotential. Note that this spectrum can be arranged 
into multiplets of N = 2 supersymmetry. The operators which appear in 
the (renormalizable) superpotential are also consistent with the enhanced 
supersymmetry. In fact we do not expect this to be an exact symmetry; it 
merely reflects the fact that isolated 5-branes act like those of Ref. PJ. 

5.3 95- and 55-sectors 

Let us now check 95 and 5j5j states. If we have 4/cg 9-branes and 4/c 5l 5i- 
branes at a fixed point of Ri, we find projections 

A = —M\\M\ (5.8) 
A = -r) M 2 XN 3 = +r) M 3 XN 2 (5.9) 

where rj = (2s 4 )i, as in eq. fl2~8"D . This has solution: 

/ mi m 2 m 3 m 4 \ 
—rjirii —i]m2 r]m 3 77777.4 

— 771 3 — m 4 771! 771 2 

\ — 77771 3 — 7/77I4 —7/771! — 77m 2 / 



A 



where 77ij are arbitrary kg x k 5l matrices. This gives one chiral superfield in 
the (2k 9 , 2k 5l ) = (□,□) of Sp(k 9 ) x Sp(k 5l ). 
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If the 5i-brane is moved out along the fixed line of R2, we have only the 
constraint from R2: A = — ^il^AA^. This will transform as (□ ,□ ,1) ® 
(□,!,□) of the Sp(k 9 ) x Sp(k 5l /2) x Sp{k 5l /2) gauge group. 

If we move the 5-branes away from fixed planes entirely, there are no 
constraints, and again we find (□ , □ ) of the unbroken gauge group. Note 
that since the corresponding Higgsing does not give vevs to these fields, it 
must be that the extra fields are made massive by the superpotential. Indeed 
this will be found in the next section. 

As discussed in Section 2, when two different 5-branes intersect one 
another, there are massless 5,5j states. These will transform in the (□ , □ ) of 
the appropriate groups. Again, the dynamics of these states depend crucially 
on the existence of a superpotential, and so we turn to that now. 

6 The Superpotential 

We have indicated in several places above the importance of the tree-level 
superpotential in the proper understanding of the symmetry breaking phe- 
nomena discussed above. We study this in some detail in this section, con- 
centrating on couplings of open string modes only, which are relevant for the 
discussion of Higgsing. 

The matter multiplets of open string states organize themselves into chiral 
multiplets Zi = <p 2mi + i(f) 2mi ~ l , one per T 2 . In addition, in the 59 and 5j5j 
sectors, there are states which we will label simply by z, with a superscript 
to identify the appropriate sector. The superpotential should be invariant 
under automorphisms of the orientifold group. 

We consider here only the renormalizable part of the superpotential con- 
necting open string states. We will determine this by consideration of three- 
point disc amplitudes involving two Ramond states and one NS state. If 
such an amplitude is non- vanishing, it can of course be interpreted as a term 
in the superpotential. We can take vertex operators in the canonical ghost 
pictures: 



In order for a term W = ZiZjZk to exist, we must have Wi + Wj + = 0. 



V 




(6.1) 
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Traces over Chan-Paton factors will be understood. We identify the wi via 
their transformation properties under the Rj. 



99: In the 99 sector, we have w\ = ^±|,=f|,±|J, w 2 = ^=f|,±|,±| 
w 3 = (±±, ±±, ±|) , = (±1, 0, 0), v 2 = (0, ±1,0), and v 3 = (0, 0, T l). 
We deduce that there is a term 

If = zfzfzf 



5i9: The Ramond state has w\ = (±|,0,o). There are thus additional 
terms of the form 

W = zfz^z^ 



• 5j5j: The vectors will be similar to those of the 99-sector. Thus we expect 

W — Z]*^* Z^*^* Zq*^* ~~\~ 2^^^ Z^ i 

• hihy. When 5-branes cross, there will be additional massless states, and 

there can be couplings of the form 

W = e ijk z 5i ^z^ 5i zl i5i + z 5 ^z 5 ^z 5 ^ + z^'z^z 95 *. 
7 Further Comments on Higgsing 

With an understanding of the superpotential, we can return to the discus- 
sion of Higgsing related to moving 5-branes away from fixed points. Consider 
again 32 5i-branes at a fixed point of R±. Moving some of these away is T-dual 
to turning on Wilson lines in the 9-brane sector, or equivalently, to giving a 
vev to one of the antisymmetric tensor fields. Thus we expect that moving 
5-branes should have a low energy description in terms of Higgsing. Consider 
moving 2/c 5 5i-branes out along the fixed line of i?2- This corresponds to turn- 
ing on the antisymmetric tensor field z% l51 , and as we have seen in previous 
sections, the gauge group is broken to Sp(S — k 5 /2) x Sp(k 5 /2) x Sp(k 5 /2), 
the first factor arising from those branes still at the Ri fixed point. As far as 
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^2 lSl is concerned, the physics is simple: some of its components are eaten, 
and the remaining components appear as in eq. (|5.7|) . Certain components 
of the other 5i5i modes are given mass through the superpotential 

W = (z 5 2 l5l )zl l5l z 5 3 l51 



leading to the remaining fields in eqs. (5.6), (5.7). As well, if there are 
massless 5\5j (j ^ 1) modes, parts of these will be given mass by the super- 
potential as well. This is completely sensible, and the situation is displayed 
in Figure 4. The vev that we have been discussing corresponds to moving the 
5i-brane vertically, leaving the 53-brane in place, which clearly gives mass to 
those open string modes stretching between the two. 

Note however that if the two different 5-branes are moved together up the 
67-axis in Figure 4, we should see from the superpotential that the 5i53-state 
is not made massive. Indeed, this situation corresponds to turning on both 
^2 l51 and zp 53 . The relevant terms in the superpotential are 

W = ((4 lSl ) - (4 353 )) z 5l53 z 5:i51 

When the two vevs are turned on equally, the 5i53-states are not lifted. 

It is clear from these examples that the motion of Dirichlet 5-branes is 
completely equivalent to Higgsing provided the superpotential is taken into 
account. 



22 



8 Conclusions 

In this paper, we have presented a four- dimensional model with N — 1 super- 
symmetry which is an orbifold of Type I superstrings, and have concentrated 
on some of the technology that goes into such a construction. A fully con- 
sistent picture emerges if three types of Dirichlet 5-branes are included, all 
of which fill the four space-time dimensions. We have confined ourselves to 
a tree-level analysis of (what are from the low energy point of view), Higgs- 
ing phenomena. Clearly many outstanding issues remain particularly those 
related to non-perturbative issues and duality; we will return to these in a 
future publication^]. 
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